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- ABSTRACT -

Folycrystalline ceramic laser rods, composed of a cubic solid solution
of 89 - 94 mole % Y,0;, 10 - 5% ThO, and 1% Nd,0,, were synthesized by
a conventional ceramic sintering approach. Rods of this material, called
Nd-doped Yttralox (NDY) ceramic, can be produced with threshold energies
lower than that of the best cammercially available Nd:glass laser and with
a lasing efficiency ~93% that of laser glass at 40J of input energy under
pulsed mode conditions. Iaser rods can be produced with large variable
intermediate-gains by controlled camposition; lasing efficiencies depend
strongly on cooling rate fram the sintering temperacure and on the metnod
of powder preparation and processing. Preliminary rieasurements of laser
induced damage in NDY ceramic reveals that surface damage preceeds bulk
damage and that these damage thresholds are presently about 1/4 that of
laser glass.

Active attemuation coefficients for AR-coated NDY laser rods are
about 2% an ! as compared to 0.76% an ! for an OI ED-2 laser glass rod
mcasured in the same optical cavity. The absorption camponent of the
optical attemation is 0.38% an~' at A = 1.064 um, indicating that the
scattering camponent is the major contribution to the attemiation coeffi-
cient.

Careful powder preparation and processing procedures and controlled
oxidation of Yttralox ceramic can generate a visible-middle infrared filter

or an infrared filter with porosities as low as 10~° to 10~7.
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I. INTRODUCTION

Yttralox®oeranic is a polycrystalline material invented at General
Electric Corporate Research and Development in 1964. This oxide ceramic
has the C-type rare earth structure and is camposed of a solid solution
of approximately 90 mole % Y,0; and 10% ThO, or ZrO,. The molecular
formula may be written as Y;,g9 Thy, 13 O3, 05, where the irtroduction of
Th*t ions is accomodated by the formation of oxygen interstitials for

charge balance. (1)

The ThO, or ZrO, acts as a sintering aid which not only
reduces the nomal rate of grain growth but also retards discontiruous
grain growth during densification, permitting the attainment of a nearly

pore-free ceramic body. (2)

Spectral transmittance of Yttralox ceramic re-
veals that there is high transmittance between 0.25 and 9.5 ym with over
95% transmittance between 0.75 and 6 ym. Yttralox ceramic has the potential
of being an efficient light transmitter or light generator (when appropri-
ately doped), provided that it can be produced with low optical absorption
and scattering.

A high opticel quality polycrystalline ceramic, which has potential
use as a laser host or a high power infrared window, should be an optically
isotropic single phase of hamogeneous camposition, should have high
purity and high themmal conductivity, and have high transparency (low op-
tical loss) in the desired wavelength region of the electromagnetic spec-
trum. In polycrystalline substances with low cptical absorption, scat~

tering may appreciably attemuate the transmitted beam and is a most im-

portant difficulty. Scattering mechanisms are those which cause radia-
tion to undergo a change in the direction of propagation. Sources of light
scattering centers in polycrystalline ceramics are pores, solid second
phases, campositional gradients within a single phase, grain bourdaries
and other lattice imperfections creating local modifications in refrac-
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tive index.

The processing of ceramics campletely free fram pores and secandary
phases is a long-standing technological objective to which much effort
has been devoted over the last two decades. Although many of the physical
and mechanical properties of various ceramic materials ocould be enhanced
by achieving a state of theoretical density and phase purity, only a few
ceramics have been produced that closely approach this state. Lucal(:cx®
and Yttralox® ceramics, the IRTRAN series of hot pressed materials 3)
and hot pressed PLZT fermelectrics(4) are in this category. Preliminary
investigations showed th-i with the sintering technology known three years
ago, Yttralox ceramic had the potential of being synthesized with extra-
ordinary optical perfection by a cold pressing and sintering approach. It
is beli.eved. that this approach has the following advantages over hot
pressi.g: Material can be produced with (1) better optical quality, (2)
larcer sizes and complex shapes and (3) the absence of insoluble gas-filled
pcres in the microstructure.

At the beginning of this research and development program (June, 1970)
directed towards developing and evaluating Nd-doped Yttralox ceramic as la-
sers, the state-of-the-art powder preparation ard processing yeilded sin-
tered material with about 10™* porosity, occasional solid second phases,
and other optical distortions. The first methad of powder preparation
and processing involved mixing of th: camercially available pure oxide
camponents in a colloid mill and, aftar powder campaction, heat treating
this mixture at high temperature t» camplete the solid-state reaction. A
second method was a modified wet-chemical method which involved mixing
comercially available pure Y,0, powder with a thorium (or zirconium)

salt and calcining to decampose the hamogeneously distributed salts. After

e —
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grinding the screening che calcined powder, this mass is isostatically

Pressed into shape and fired at 2100°C to produce a dense ceramic. Flu-

Orescent dopants were usually added to the batch in oxide form at one of

several of the processing steps. Deviations fran optical perfection noted

in Yttralox ceramic produced by both methods were believed to have orig-

inated from irregularities such as powder agglamerates and impurity par-

ticles in the cammercially available powders. It was believed that these problems
could be overcame by working under higher purity conditions, and in particular,

by using powders made in our own laboratory instead of cammercial powders.

If Nd-doped Yttralox (NDY) ceramic can be produced with excellent optical
quality by improved powder preparation and pro.essing techniques, this poly-
crystalline ceramic would be attractive as an intermediate gain laser because
it has a fluorescent emission linewidth (-’3A) between that (~7A) of Nd:vaG'S)
and that (~2608) of Nd:glass'®). Using conventional rod design with optical
pumping methods, neither Nd:YAG or Nd:glass provide the desirable dual
capabi lity of high peak and high average power output because Nd:YAG has an
intrinsic inability to achieve very large population inversion of electrons
necessary for high peak power, whereas Nd:glass has a low thermal conductivity
(~10miN/cm®C) (7) which restricts high average power output. NDY cerandc may
meet these dual characteristics because it has a broader fluorescent emission
linewidth than that of Nd:YAG and a themmal conductivity about 6 times that
of Nd:glass. The use of Nt as a fluorescent center in the Yttralox laser

host has the principal advantage of providing a low threshold for stimulated

emission at 1.074 ym and places a premium on the optical perfection of the

host and low optical cavity loss. f




II. PROGRAM GOALS

The uitimate goal of this research proyram is to produce an efficient,
intermmediate gain NDY laser which emits at 1.074 um or a high-power infrared
! window material for the 1 to 6 um wavelength region. In striving to attain
this goal, major effort was devoted tuwards generating and understanding

the origin of optical defects or inhamogeneities and ways to eliminate or

minimize them in sintered ceramics.

The overall dbjectives, then, are to:

(1)

(2)

(3)

(4)

Develop a powder preparation and processing technique to
reproducibly fabricate ultra-clear NDY ceramic camprised
of 89 mole % Y,0,, 10% ThO, and 1% Nd,O, or of a more

suitable compos:tion;

understand the arigin of pores, solid second phases, and
other light-scattering defects, the mechanisms of their re-
moval, and the methods to determine their concentration,

shpae and size distribution in laser-quality material;

understand the interrelationships between powder preparation
and processing, microstructural development and optical
quality of the sintered product;

evaluate NDY ceramic as a potentially efficient, intemmediate
gain laser under both pulsed mode and Q-switching conditions
and detemine the damage threshold characteristics of NDY

lasers under both active and passive conditions.
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III. MAJOR ACCOMPLISHMENTS f

Since tie text is extensively detailed in a variety of areas in both
ceramic science and optical physics, the major findings of this research
and development program are list=3d in this section for convenience sake to
the reager.

(1) NDY laser rods (3" x 1/4") oould by synthesized with threshold
energies lower than that of a cammercially-available Nd:glass
laser (Owens-Illinois, Ed-2) and with a lasing efficiancy
~93% that of laser glass at 40J of input energy under iden-
tical pulsed mode conditions.

(2) NDY laser rods ci.1 be produced as a controlled intermediate
gain laser because the fluorescent linewidth of the Nd3%
ions at the lasing transition increases linearly with increasing

ThO, content in the Y,0; structwre.

(3) A large increase in laring efficiency was found for NDY
rods rapidly-cooled rather than slowly-cooled fram the
sintering temperature of 2170°C and is related probably to
nucleation and growth of submicroscopic scattering centers

having campositional variations in the solid-solution matrix.

(4) Preliminary laser-induced damage threshold measurements,
performed on NDY laser rods in Lotn the active and passive 1

modes, show that surface dumage preceeds bulk damage and that

--‘n-;-“' e

these damage thresholds are about 1/4 that of laser glass

with good optical cuality.




(5)

(6)

(7

(8)

(9)

The absorption camponent of the optical attenuation cam-
ponent in NDY rods was measured by a precision calorimetric
technique and determined to be 3.8 x 1073 au™! at A = 1.064 un,
a value which is only 279 of the total optical loss. Hence,
the scattering camponent is responsible for most light

attenuation in these ceramic lasers.

Reproducible fabrication of laser—quality NDY material
can be achieved by using an oxalate powder approach cambined

with a ball-milling operation.

Porosities as low as 107% to 10”7 are attained in NDY
ceramics, provided that the number densities of large pores

and pore clusters are low.

A camparative analysis shows that Yttralox ceramic exhibits
supericr spectral transmittance characteristics in the
visisle ard middle infrared region than hot-pressed cpinel,

MgO and ZnSe.

Controlled oxidation of Yttralox ceramic can generate a visible-

middle infrared filter or just an infrared filter.
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IV. POWCER PREPARATION, CERAMIC PRX(TSSING AND HEAT TREATMENT

Two basic methods of powder prepavation, processing and heat treat-
went developed simultaneously to impuove the optical perfection of sintered Y,0,
containirg 10 mole $ ThO, and 1% Nd,0; in solid solution were the "sulfate"
and the "oxalate" processes. (8) Ten mole % ThO, was chosen to insure effec-
tive grain growth inhibition but the ThO, content was varied fram 2.5 to
10 mole % in the oxalate process. Considerable effort was made to improve
the sulfate process during the first year's contract because this process
generated the first NDY laser rod. Although transparent material could
be produced by the sulfate method, several impurities were discovered
during the first year and, as a result, this process was discontinued. ‘ithe
sulfate process is only described in the following section, and there will
be no further discussion of this process later in the text.

A. Sulfate Process

Yttrium oxide powders from five camercial sources were examined
during the course of this investigation. Although the camercially designated
purity (~99.99%) of these powders was specified in terms of total rare earth
impurities, all powders frequently contained norwhite impurity particles.
Spectrochemical and X-ray diffraction analyses of these impurity particles,
which were collected by a screening technique, showed high levels of Al, Si,

'Fe 0y and ZnO. One powder* was selected for further work because it had

relatively high purity and a narrow particle size distribution. Fram the
cumlative particle size distributio measured with a Coulter counter, the
average particle size was detemmined to be about 3 ym. The particle size
ranged between approximately 10 um and less than 0.6 im.

The sulfate process consisted of adding an aqueous (deionized H,0)

* Molybdemm Corporation of America, Louviers, Colorado




suspension of yttrium oxide powder into a filtered aqueous solution of thorium

and neodymium sulfates. The purity of the sulfates was 99.9%. The batch
camposition was 89 mole % Y,0;, 10% ThO, and 1% Nd,0;. Methods utilized
to intimately mix the Y,0, particles in the sulfate solution were: magnetically
stirring with a Teflon=coated stirring bar and mixing in a stainless steel,
colloid mill. After colloid milling, the suspension was transferred to a
glass beaker and magnetically stirred. While mixing vigorously, heat was
applied so that the suspension dried as rapidly as possible without causing
violent beiling or salt segregation. The resulting powder was dried for
approximately 12 hours at 110°C in air anc screened through a nylon screen
(=100 mesh) to improve particle size and campositional uniformity. In order
to convert the sulfates to oxides, the powder was caicined in open alumina
boats for ~7 hours at 1000°C in flowing air (3SCFH).

The calcined powder was cold-pressed into pills ~1 inch in diameter
and 3/16 inch high or pressed isostatically into rods ~3 inch in diameter
ard 4 1/2 inches long at 40,000 psi. Pressed samp. s, having relative green
densities ~60% of theoretical, were then given a second calcination for 15
hours at 1350°C in flowing air to further remove residual sulfur fram the
calcined powder. Specimens were heated in about six hours to
2170°C, typically sintered for about 20 to 125 hours at 2170°C in dry H.
(dew point ~-70°C), and finally cooled to roam temperature in about six
hours in wet hydrogen (dew point ~25°C).

The morphology and particle size of powder calcined for seven hours
at 1000°C in air are shown in Fig. 1. The larger Y,0; particles are ~3 um
in size and are coated with very small particles (~1000;. or less) of ThO,
and, presumably, Nd,O;. This "coating" behavior enhances cawposition homo-
teneity and pramotes inhibition of discontinuous grain growth.
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B Figure 1 SEM photomicrograph of
calcined powder prepared by the
sulfate process. 4300X
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prepared by the sulfate process. Transmitted light,

Figure 2 Grain-boundary phase in sintered material ‘
185X
¥




Sintered material of high optical quality could be produced fram this
powder, provided that a second calcination was given to the powder campacts
and an extended sintering time was used at high temperatures. If a
second calcination was amitted, specimens frequently deformed during sintering
at 2170°C. Specimens sintered for less than ~30 hours contained an ob-
servable amount of second phase that wets the grain boundaries (Fig. 2). A
sulfur Ko display obtained with the electron microprobe is shown in Fig. 3
and demonstrates that sulfur is concentrated in the grain-boundary phase.

This second phase is removed mich faster fram the surface region of the sintered
piece than fram the specimen interior. In a 1’4-inch-thick specimen, this
phase cawpletely disappears by firing for times greater than 30 hours at

2170°cC.

The removal of the grain bourdary phase fram sintered material makes
possible the clear observation of a second optical defect, which is porosity.
Although sintered specimens 1/4 inch thick are transparent to the unaided
eye, transmitted light microscopy reveals that there is still a high density
of pores and pore clusters (Fig. 4). The size of individual pores in a
cluster is usually less than 5 im and such clusters are found generally
inside grains. large, faceted-shaped pores having sizes between 20 and 50 pm
(not shown) are found in most specimens. The pore density is markedly reduced
by colloid milling the starting suspension (Y,03-salt solution) rather than
magnetic stirring only. However, a visible haze in the sintered material
is associated with ocolloid milling and is caused primarily by Fe and Ni
contamination fram the stainless steel wear surfaces.

Further improvement in optical quality of sintered material produced
bythesulfateprocessappearstobelimitedprimarilybythepurityof
the starting Y,0; powder and the metallic contamination introduced during
colloid milling. The inability to eliminate large pores in the 20 to 50 ym
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Figure 3 Electron probe, X-ray Kq
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Figure 4 Porosity in sintered material

prepared by the sulfate process.
Transmitted light. 235X
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range by changes in powder processing is thought to be associated with impurity
particles in the Y,0; powder. Iron and nickel contamination introduced

by owlloid milling will undoubtedly have an adverse effect on lasing behavior
and other optical properties of the sintered product.

B. Oxalate Process

The oxalate process was developed to (1) eliminate foreign particles
by filtering the starting solutions and maintain a high degree of cleanliness
during the ensuiny ..rocessing steps; (2) attempt to achieve a hamogeneous
distribution of Y**, T**, and Nd*" ions to ensure cagposition uniformity
in the powder synthesized; (3) obtain a small average particle size to enhance
the sintering rate; and (4) reduce the long heat treatment required for sulfur
elimination fram powders prepared by the sulfate process.

Yttrium, thorium, and neodymium nitrates were the starting raw materials
which had purities of 99.99%, 99.9% and 99.999%, respectively. These nitrates
were weighed in the correct proportions to produce NDY ceramics of variable Y,0,4
and ThO, contents and dissolved in filtered, deionized water. This salt solution
was filtered and dripped at a rate ~60 drops/min into a filtered oxalic bath which
was 80% saturated at roam temperature and contained 100% excess oxalic acid re-

quired to convert the nitrates into oxalates. The precipitation reaction may

be written as R(NOa)x + Hz2 (C204) - R(C,»_O;.)y-l- + HNO3 where R represents yttrium,

thoriun and neodymium. During precipitation, the oxalic acid bath was con-
tinuously stirred with motor driven stirring propeller. After precipitation,
the oxalate precipitate was stirred vigorously, washed with filtered de-

ionized water to remove residual acid, vacuum filtered, dehydrated at

110°C for 24 hours, and calcined for four hours between 800° and 850°C in
flowing air (3 SCFH). !

12




The calcined powder was bluish-white in color and was either directly
cold-pressed into shape, as described above, or dry-milled with 1 wt %
stearic acid in a rubber-lined ball mill (volume = 1.27) that contained
10 mole % ThO,~doped Y,0; cylinders as a grinding medium. After ball
milling for 6 hours, the powder was light yellow and smelled like "rubber".

In order to remove stearic acid and rubber particles introduced in the powder

during the milling operation, specimens formed isostatically at 30 Kpsi ;
fram milled powéer were given an oxidizing treatment for 2 hours at 1100°C :
in air. Specimens were then sintered at high temperature in a similar manner

as that described in the sulfate process.

. \ Powder particles, synthesized by the oxalate method and having the

naminal camposition of 89 mole $ Y,03;, 10% ThO, and 1% Nd,03;, were approx- | 8
imately parallelpipeds with a size range between 0.3 and 3 um [Fig. 5(a)].

After calcination at 800°C for four hours, there was agglarerate formation

and an observable morphological change of the original oxalate particles [Fig. 5(b)].
Debye-Scherrer photographs showed that the calcined powder consisted pre-

' daminantly of a Y,03; solid solution plus a trace of a thorium oxide phase.

Particles of the calcined powder were camposed of small crystallites of the

0
order of 200A in size (Fig. 6); this was also confirmed by electron diffraction.

After ball-milling the calcined powder, particles were of the order of
0.1 ym [Fig. 5(c)]. The powder agglamerates in the ball-milled powder
were quite fragile and broke up when lightly squeezed between microscope
slides.

13




(c) 1000X

Figure 5 SEM photomicrographs of (a) powder particles synthesized by the
oxalate process; (b) oxalate powder calcined for 4 hours at 800°C in air;
and (c) ball-milled powder.




Figure 6 Transmission electron micro-
graph of a particle of oxalate powder
calcined at 800°C for 4 hrs in air. 75000X
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Figure 7 Cumulative porosity versus pore
size for several NDY rods. Heat treat-
ments are given in Table I
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V. MICROSTRUCTURAL CHARACTERIZATION OF YTTRALOX CERAMIC MADE BY THE
OXALATE PROCESS

A. Porosi:
1. Quantitative Detemmination of Porosity

The quantitative determination of the porosity in a polished,
sintered specimen was easily accamplished with a petrographic microscope
using a ruled graticule and transmitted white light. The technique involved
(1) selecting three different magnifications at 30X, 80X and 460X; (2)
scanning through known cylindrical volumes; (3) oounting the number of pores
and measuring their average size; and (4) recording only pores with an
average pore size greater than 22y at 30X, betveen 5u and 22y at 80X, and
between 0.5u and 5u at 460X. There were relatively few pores smaller than
0.5 um, as detemmined by ultramicroscopy (see later).

Pores less than 0.5y could not be resolved at 460X. In general, the
total number of pores counted was approximately 100 to 200. The solid
volumes analyzed at 30X, 80X and 460X were approximately 900 mm®, 30mm?,
and 3 mm®, respectively. The average dimension of an occasional irre-
gularly shaped pore was determmined by averaging the maximm and minimm
linear dimensions (excluding tubular pores of which only a few were
observed in many specimens). Pore volumes in various size ranges were
then calculated and nommalized to a standard total scanned volume of solid.

2. Influence of Ceramic Processing and Composition on Residual
Porosity

There is a profound influence of ceramic processing on
residual porosity in the sintered product. Sintered material made fram
ball-milled powder contains much less porosity than that derived fram un-
milled powder. Cumlative porosity versus pore size is plotted semilogra-
ithmically in Fig. 7 for several NDY rods of good optical quality. The

16




total or residual porosity for each rod is given by the temminus of its
recrective curve in Fig. 7 and is also listed in Table I along with the
corresponding heat treatment. Cumulative porosity and pore density as a
finction of pore size found typically in sintered material produced from
ummilled powder (specimen 13-7) are shown in Figs. 7 and 8, respectively.

The other data plotted in Fig. 7 were obtained fram sintered specimens syn-
thesized fram ball-milled powder; pore density versus pore size for speci-
men 12-1 is shown in Fig. 9. A camparison of these data for specimens

13-7 and 12-1 shows that the ball-milling procedure reduced residual porozity
and pore density by 1 to 2 orders of magnitude over the same pore size range.
Furthermore, for the ceramic processing steps utilized, the pore size dis-
tribution peaked betweer 1 and 2 Wn with most pores between 0.5 and 5 um in
size. As will be shown later, about 20% of thLe pores are less than 0.5 um
in size, and these pores only slightly modify the above general dbservations.
It has been suggested(®) that the ball-milling operation enhanced dispersion
of the ThO, grain-growth inhibitor in the calcined powder which permitted

a greater majority of pores to remain on grain boundaries for a longer
period of time and thus shrink during densification.

TABLE I
Heat Treatment and Porosity in NDY Rods Containing

10 mole $ ThO

Sintering time at
Sample ____2170°C_(hr) Porosi
11-3 58 3.2 x 1076
12-1 125 3.3 x 1077
13-4 80 8.2 x 107
13-7 92 3.5 x 1073
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Figure 8 Pore density versus pore size in NDY rod 13-7 prepared from un-
milled powder.
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Figure 9 Pore density versus pore size
in NDY rod 12-1 prepared from ball-
milled powder.
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The oxalate precipitation approach cambined with th: ball-milling

. operation also produced low porosity, sintered material having variable
ThO, and Y03 contents. The compositions investigated were 2.5, 5 and 10 mole &
ThO2, with Nd,0; content fixed at 1 mole $. NDY ceramics which cantained
2.5 and 5 mole % ThO, and were processed and heat treated under identical
conditions as specimen 12-1 (which contains 10 mole § ThO,) had similar pore
size distribution curves as that of 12-1 except for the absolute magnitudes
of pore densities. The pore size distribution found in a specimen con-
taining 2.5 mole § ThO, is given in Fig. 10. Although the number density of
pores in the 1 to 2 um range was approximately 100 times higher than that fowd
in 12-1, the porosity (5 x 10~%) was h’gher by only a factor of 15 because
the volume fraction porosity deperds on the cube of the average pore size,

and is small for micron size oores. For the case of NDY ceramics containing

5 mole % ThO,, the number density of pores was only slightly higher thzn that

for the 10 mole % ThO, material and corresponded to a residual porosity of

4
1.1 x 107¢ which is about a factor of 3 hiqher.

An average pore size of 1 to 2 im generally found in all sintered NDY

e —p—

material implies that pore growth has occurred during densification. Since
! the powder campacts made from milled powder consist of particles

of the order of 0.1 \m in size and have a relative green density of 60% of
theoretical, and since the coordinatior munber of a given particle is about
6, 9 the average initial pore size must not be much larger than 0.1 um.
This suggests that the average pore size and corresponding pore size dis-

tribution shift to larger pore sizes during the sintering process. The

mp.";.m.-—_‘—n1;uuf~4_—--——“" N S —
R s

mechanism of pore growth and the densification stage at which it takes place
in sintered NDY ceramics have not been established. However, it has been

reported that during the final stages of sintering of u)z(lo) pores can grow

by pore coalescence if pores migrate with grain boundaries, and that pore
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Figure 10 Pore density versus pore
size in NDY rod 35-1 containing
2.5 mole % ThO,.

Figure 11 Galaxy of small pores stabilized in the ;
vicinity of a large pore. Transmiited light. 158X j
:
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growth can also ocaur in metallic and normetallic materials (11,12) during
the early and intemediate stages of sintering.

3. Large Pores

Sintered NDY ceramic prepared fram either "as calcined"

powder or fram ball-milled powder contains, in general, an occasicnal large
pore greater than 50 p in size. $uch large pores contribute greatly to light
scattering losses because for pores much larger than the wavelength, the
total scattering cross-section is equal to twice its geametrical cross
section, 2mr?. In addition, large pores have small average curvatures
and low driving forces for shrinkage. The elimination of these large
pores is virtually impossible under practical conditions of isothemmal
sintering.

A large pore occasionally found in sintered material prepared from
unmilled, calcined powder is shown in Figure 11. A galaxy of small pores
surrournd the large one. In order to determine if the origin of these
pores are caused by incomplete decomposition of the starting oxalate
powder at 800°C for 4 hours in air, the calcination temperature was increased
to 850°C. Sintered specimens prepared from this powder contained fewer
large pores greater than 50u in size. Apparently, the higher calcination
temperature more ocampletely decamposes the Y-Th-Nd oxalate to the respective
oxides and minimizes the formation of these pores originating from a region
that contained incampletely decomposed material.

The morphology and size of large pores found in sintered material
prepared fram ball-milled powder appears to depend on the type of mill
lining. Typical photomicrographs of large pores found in sintered material

21
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prepared fram powder milled far 6 hours in rubber-lined and polyurethane-

lined mills are shown in Figures 12 and 13, respectively. Most of these
large pores are located at grain boundaries. In several instances, a particle
of rubber or polyureti:ane in milled powders has been cbserved with the
naked eye. The tubular-shaped pores illustrated in Figure 3 originate most
likely fraom excessive abrasion of the polyurethane lining. Further support
for the above conclusion can be deduced fram preliminary milling experiments
in which the surface roughness of the grinding medium was changed for the same
weight of medium. Results show that the use of rough cylinders gives rise to
a higher density of large pores in the sintered product, indicating a higher
coefficient of friction between the rough cylinders and the mill lining.
4. Pore Clusters
During the second year of this contract, sintered
NDY specimens prepared from ball-milled powder contained an unusually large
nuvber of pore clusters that were distributed randamly throughout the bulk
of the material. Prior to this time, sintered material contained
very few pore clusters when prepared by the identical process. Transmitted-
light photamicrographs of various pore clusters are shown in Figure 14.
Individual pores in a cluster were approximately 5u or less in size and
varied in number. In a few cases, over 100 pores have been observed in
a given pore cluster. A typical pore cluster density cammonly cbserved was
approximately 30/mm?.
An extensive investigation of the origin of pore
cluster formation in sintered NDY ceramics containing 10 mole $ ThO, was
obviously in order, especially since, fram the author's experience, such pore
clusters are frequently found in other polycrystalline ceramics with high
optical quality, such as MgO-doped Al,0; and Y203-doped ThO,. This study
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Figure 12 Large pore in sintered material prepared from ball-milled powder.
Sintered 60 hours at 2170°C. Transmitted light. 270X

Figure 13 Large tubular-shaped pore in sintered material prepared from
powder milled in a polyurethane-lined mill. Sintered 60 hours at 2170°C,
Transmitted light. 240X




Figure 14 Large pore cluster in NDY ceramic prepared from :
powder milled in a rubber-lined mill. Sintered 34 liours at
2170°C. Transmitted light. 468X

Figure 15 Pore cluster located inside a large grain having 11
sides (in cross-section). Grain boundaries revealed by surface
grainbirefringence caused by rough polishing. Polarized light.

187X

| 24




S S e e e et — = et - 2L

resulted in the following experimental findings:

(1) Sintered material made from urmilled, calcined powder contained
very few pare clusters whereas that made fi-am dry-milled, calcined
powder always contained numerous pore clusters.

(2) Changing the weight ratio of grinding medium to powder charge
in the rubber-lird mill fram 24:1 to 20:1 had no major effect on
cluster formation.

(3) The dry-milling of NDY powder with 1 wt % stearic acid in
rubber-lined, neoprene-lined and polyurethane-lined mills yielded
sintered material having many pore clusters.

(4) The dry-milling of NDY powder in the absence of stearic acid

:
%-
E
i

and the dry-milling of neodymium-free Yttralox powder also yielded
material characterized by pore cluster formation.

(5) Pore clusters did not originate from contamination caused by

the furnace atmosphere prevailing during the oxidation treatment
at 1100°C, a processing step used only for campacts prepared fram
milled powder.

It was clear from these experimental cbservations that pore cluster
formation originated during the ball-milling operation and that their
elimination was not influenced by the weight ratio of grinding medium to
powder charge, differeat ball-mill linings, absence of stearic acid, fur-
nace atmosphere present during the oxidation step, and presence of the
neodymium additive.

A close eximination of the Yttralox cylinders used for the ball-

milling experiments revealed that excessive wear occurred at various locations




on their surfaces. This was an indication that large chips had fragmented
Off of the cylinders during milling, mixed into the fine powder {0.1u)
batch, and acted as nuclei for discontinuous grain growth during sintering.
Larye chips are possible because the ave.age grain size of the

cylinders was approximately 100y. By removing the most severely abraded
cylinders by visual inspection and proceeding with a typical milling ex-
periment, the number of pore clusters in the sintered material was dras-
tically reduced to about 2 per mm® of solid. After a fire polishing
treatment at high temperature, the use of the same cylinders dvring milling
also produced sintered material essentially free of pore clusters. There
was a tremendous increase in the rumber of pore clusters by ruughening the
surfaces of the fire-polished cylinders by first wet-grinding and then sub-
sequently using these cylinders in a typical dry-milling experiment.

T™wo additional experiments were performed to establish, unequivocally,
the origin of pore clusters in NDY ceramics. Fine grain sized (~1.5y)
Yttralox cylinders, containing 10 mole $ ThO;, were synthesized to increase
the fracture strength of the cylinders and eliminate the source of large-
size chips or fragments. The use of these fine—grained cylinders in the
standard dry-milling step resulted in sintered material that contained
less than 1 pore cluste: per mm® of solid anaiyzed. If pore clusters were
indeed caused by fiagments much larger than the powder particles, then tihe

intentional addition of coarse particles into the mill charge should cause

the return of pore clusters in the sintered material. The addition of 0.5
wt % of -40 mesh (~420u) NDY particles to the mill charge did produce
over 200 pore clusters per mm® of sintered material.




The consequence of a markedly mixed particle size in the starting

powder gives rise to a condition for discontinuous grain growth during

E sintering of the powder campact. A large particle in a fine powder matrix is a
i site for a discontimious grain growth nucleus. During the early stages of

sintering, discontinuous grain growth occurs and the grain boundaries developed

at the interfaces between the large and small grains move on across pores

and refomm on the other side. If this mechanism is operating, then pores

should be entrapped inside the rapidly growing grains. That such is the

case can be seen in transmitted light photomicrographs illustrated in Figs. 15

and 16. Although the use of polished sections and reflected light microscopy

cannot, in general, reveal pore clusters in a sintered specimen containing

a small cluster concentration, this technique can show clusters very clearly

when there is a large concentration due to the intentional addition of coarse
particles into the fine powder during the milling step (Fig. 17). On

the other hand, transmitted light microscopy can reveal the morphology and

location of small concentrations of pore clusters when used in combination with

sintered specimens having surface grain anisotropy caused by rough polish-

ing (Fig. 15) and specimens containing a sulfur-rich phase which decorates

the grain boundaries (Fig. 16).

It has been demonstrated, then, that the origin and mechanism of pore

cluster formation in NDY ceramics (and most likely in other ceramics sintered

in the solid state) are caused by a very broad particle size distribution

in the powder campact which gives rise to discontimuous grain growth. Large

particles in the distribution can arise fram the abrasion of large grain

size cylinders or balls used for ball-milling the powder or fram the nommal

spread in the size distribution ocbtained by the powder particles during powder
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Figure 16 Pore cluster located inside a large grain whose
boundaries are revealed by grain boundary decoration.
Sintered 11 hours at 2115°C. Transmitted light. 187X

XF.
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Figure 17 Pore clusters, having several morphologies,
located inside grains. Sintered 16.5 hcurs at 2160°C.
Reflected light. 87X
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synthesis ar milling. The elimination of pore cluster fommation is essential
to the production of sintered material with low porosity and high optical
quality because, as stated above, pores shrink much more slowly when they
are located off of, rather than on, grain boundaries. In the presert case,
the use of high purity, fine—grained (1.5u) Yttralox cylinders for milling
experiments has essentially eliminated pore clusters.

The pore size-frequency distribution measured in swecimen 16-3 contains
a majority of pore clusters (Fig. 18). This specimen was fabricated
and sintered in the identical manner as specimen 12-1 (see Fig. 9). Note

ﬂletratendousincreaseinthenmberdensityofporesoverthesatepore
size range when most pores are in the fomm of clusters. Specimen 16-3

had a relatively hich parosity of 1.2 x 10™° because it contained approximately

T e e ———

40 pore clusters per cubic millimeter of solid analyzed.
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5. Kinetics of Grain Growth and Porosity Reduction During Final Stage
Sintering.
Isothemmal grain-growth measurements were made on conpacts sintered
for various times at 2000 and 2170°C in a dry hydrogen atmosphere (Fig. 19).
I For the same time and teaperature, the dverage grain size was larger
: in sintered material prepared fram powder milled in a rubber-lined mill
than in sintered material prepa.red from unmilled powder. In addition, grain

o ey
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growth in specimens prepared from milled powder approximately followed a

t!/? behavior whereas grain growth approximately followed a t!/2 law for

A —

the unmilled material a: 2000°C. These grain growth data in high-density,

axrpactsWiﬂultonle%porositycanbemderstoodbycarefulexaninatim
of the microstructure.
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Figure 18 Pore density as a function of pore
size for rod 16-3 in which most pores were
in pore clusters.

i
* MILLED POWDER 1
o UNMILLED POWDER =

T

2i70°C

8

l'l'

T
"
(=)
E 3
o

]

GRAIN SIZE (u)

S

!ITI

T

| | |
W 10 100 1000 10000

TIME (MIN)

Figure 19 Grain size as a function of time and temperature
for simered NDY ceramic prepared from milled and un-
milled powder.
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The microstructure of a campact prepared fram wrmilled powder and
sintered for two hours at 2000°C is shown in Figure 20. This sintered
material is characterized by a aubic, single solid phase, as confirmed
by X-ray diffraction, and a closed-pore phase distributed primarily at
three and four grain intersections. The location of these pores are in-

dicative of grain growth controlled by pore migration but the square

a
|

grain-growth kinetics found experimentally are not in agreement with cubic
kinetics predicted fram theory (10) . Square grain-growth kinetics has
been previously found(z) for Y,0; containing various amounts of ThO, in
solid solution. In that work, it was reasonably well demonstrated that
the addition of ThO, to Y,0; inhibits grain growth during sintering by

the segregation of ThO, solute at grain boundaries, causing a decrease
primarily in the grain boundary mobility. The major effect of the ThO,
addition is to reduce grain-boundary mobility relative to that of pore

mobility and thereby prevent pore entrapment during grain growth. It

e ST, W W

appears then, that the ThO, addition, not pores, is responsible for con-

trolling grain growth such that a square growth law is observed at 2000°C
and 2170°C. Square grain-growth kinetics has been theoretically pro-

posed for the effect of impurity drag on grain-boundary migration during

continuous or normal grain growth(l3) 5

A typical grain st ucture developed during the sintering of NDY material
made from ball-milled powder is shown in Fig. 21. In addition to the pre-
sence of pore clusters found inside grains, there was a highly-reflecting,
solid second phase located at grain boundaries and grain intersections. A
scanning electron microscope equipped with a solid-state X-ray detector

a8 . revealed that the second phase particles were sulfur-rich (Fig. 22). Further-

more, the second-phase particles appeared to have a lower thorium content

than the matrix grains.
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Figure 20 Microstructure of NDY ceramic
illustrating pore-grain boundary configura-
tion. Specimen prepared from unmilled
powder and sintered 2 hours at 2000°C in
dry Hp. Reflected light. 375X

Figure 21 Grain structure in NDY ceramic sintered
2 hrs at 2000°C in wet H,. Note highly reflecting,
sulfur-rich second phase at grain boundaries and
intersections, and occasional pore cluster inside
grains. Specimen prepared from milled powder.
Reflected light. 340X
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Figure 22 Solid-state X-ray spectra (on SEM) used to
identify composition of second phase inclusions
(A) A NDY matrix grain (upper spectrum) and a second
phase inclusion (lower spectrum). (B) Zinc sulfide
sulfur standard (upper spectrum) and second phase in-
clusion (lower spectrum).
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The relative amunt of sulfur present in samples after various
stages of powder processing and sintering treatment was determined by a
standard combustion test and is given in Table II. The source of sulfur
was fram the abrasion of the vulcanized nibber-lining of the ball mill
which contained about 2 wt % sulfur.

TABLE II

Sulfur Content in ThO,-Doped Y,0; After Various Stages of Powder
Processing or Sintering Treatment

Powder Sintering Sulfur
Processing Treatment Content (ppm)

Oxalate powder, cal-
cined 4 hxg @ 800°C

Ball-milled calcined
powder, 6 hrs ==

Ball-milled calcined 11 hrs @
powder, 6 hrs 2115°C

Ball-milled calcined 125 hrs @
powder, 6 hrs 2170°C 40

The mechanism of grain growth in sulfur containing NDY ceramics at
2000°C is not exactly known but may be related to the inhibition of grain
boundary movement by solid second-phase particles. The cubic relationship
found for grain growth kinetics may be due to particle coalescence by a
solution and reprecipitation phenamena similar to that described in the
literature (14) . For the same time and atmosphere at 2000°C, sulfur-containing
NDY ceramics have a larger average grain size because discontinucus grain
growth occurs very early during the final stages of sintering amd is
evidenced by the presence of pore clusters entrapped inside grains (Fig. 21).

34




After the occurrence of discontinuous grain growth, there is a new generation

of grains in which continuous grain growth occurs in the presence of second-
phase particles. It is cbserved, however, that the sulfur-rich second phase
slowly disappears upon prolonged heating at 2000°C and at higher temperatures.
The sulfur is incorporated into second phase particles at T <2100°C and into
an intergranular liquid phase at 2100°C < T < 2220°C. Sulfur is removed during
the sintering process and causes the second phase to act as a transient phase
during microstructural development. Although cubic grain-growth kinetics

is observed in sulfur-containing NDY material over the time interval inves-
tigated at 2000°C, square-grain-growth kinetics are found for the same

material at 2170°C for the time interval investigated. The reason for this

observation is that for prolonged anneals at 2170°C most of the sulfur

' has diffused out of the sintered specimen. This is supported by X-ray

diffraction, reflected light, and transmitted light microscopy of

polished sections.

The final stage sintering kinetics of NDY ceramics containing
b 10 mole % ThO, were measured by the CCl, displacement method. For campacts
f sintered at 2000°C in wet and dry H,, there was a linear fit of the data
when relative density is plotted against logarithm of time. There was little
difference in the sintering kinetics of specimens sintered in wet and dry
He. The sintering kinetics apparently follow Coble's model !5 of final
stage sintering in which closed pores located on 4-grain corners continuously
shrink. Since microstructural abservations show that grain and pore growth
also occur in this stage of sintering, Coble's treatment cannot be applied
to the data. Thus, the densification mechanism in NDY ceramics daring
g - final stage sintering has not been elucidated.
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6. Kinetics of Pore Disappearance During the Late Final Stages of
Sintering

It is generally accepted that pore removal during the late stages
of sintering is diffusion controlled and that closed pores shrink by the
transport of vacancies and soluble gas atams from them to the grain
boundaries. Furthermmore, it is usually assumed that the direct flow of
the rate-limiting species, which is usually presumed to be the
entrapped gas, into a grain boundary along its intersection with a
pore is negligible campared to the flow resulting fram volume diffusion
fram the surface of the pore. In the very late stages of sintering
in which the volume fraction of pores is of the order of 10~* or less,
pore-grain boundary interactions control sintering and pore-pore
interactions are virtually minimized. The study of pore elimination in
this regime of sintering offers the opportunity to make same deductions
about the mechanism of pore shrinkage.

Several mei.. rements of pore size frequency distribution were made
on the same NDY sample during the course of prolonged heating at 2170°C
in dry hydrogen. This material, prepared fram ball-milled powder, is
well-suited to the study of final stages of sintering because of its
low pure density and high transparency. At the time the first measurements
were made, after 33 hours at temperature, the average pore density was less
than 1 per grain. The pore distribution was such that a few pores
or a pore cluster were located inside an appreciable number of grains.

The data were obtained by measuring between 130 and 750 pores in

about 0.75 to 3 mm’ of solid and are shown in Fig. 23. The pore-size
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Figure 23 Pore density versus pore size in
NDY ceramic sintered at 2180°C in dry H,
(dew point ~-70°C). (A) Specimen sintered
33 hrs and characterized by a grain size

(Dg) of 110 um and a volume fraction of pores
(V¢) of 2.3 x10°%. (B) Specimen sintered 91
hrs having Dg = 190 um and Vg = 8.7 x 10"
(C) Specimen sintered 180 hrs having

Dg = 260 um and Vg = 2.5 x 107",
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distribution is seen to remain essentially unchanged, whereas the pore '
density decreases with time of heating. Thus, it appears that pores ‘
are disappearing fram the sample but that the pores cbserved at any time

have not shrunk appreciably. This anamaly can be resolved by considering
thegraingrwththatoccuredduingthe@tperinent. The grain growth

data are shown in Fig. 19.

During the heating fram 33 to 91 to 180 hours, the average grain 1
size increased in the ration 1:1.73:2.36, respectively. On the average, l '
then, the volume occupied by about 5.2 grains at 33 hours contained ]
one grain after 91 hours. Sin;ilarly, about 13.3 grains at 33 hours were
absorbed into one grain after 180 hours. If pores shrank rapidly when
encountered by the migrating boundaries of the growing grains, it would |
be expected that the pore densities after 33, 91 and 180 hours of
heating would be in the ratio of 1:0.19:0.07, respectively, assuming
a uniform pore distribution inside each grain. The experimentally-
measured ratios were 1:0.23:0.04, respectively. Thus, it appears that
esser.cially all pore removal occured as a result of rapid disappearance
of pares on grain boundaries. This conclusion is reinforced by ob-
servations of pore clusters during the experiment. Such clusters
appeared to maintain a constant mumber of pores in a wide range of
sizes throughout the experiment, indicating that gas flow between
pores inside grains and fram these pores to grain boundaries was
negligible.

The qualitative picture of the mechanism of pore elimination caused

by grain boundary migration is illustrated in Fig. 24. 1In Fig. 24 a, it is
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Figure 24 Qualitative mechanism of pore elimination by grain boundary migra-
tion. (A) Pores, initially located inside shrinking grain, interact with grain
boundaries migrating towards their center of curvature. (B) Preferential pore
elimination inthat volume swept by migrating grain boundaries.

Figure 25 "Orange Peel" in sintered material prepared from (A) unmilled
powder (upper) and (B) milled powder (lower), cxalate process. Polished
specimens of equal thickness (~1/16 inch). Transmitted light.




assumed that there is a uniform distribution of equal-sized, spherical pores
in all grains and that pores on grain boundaries are spherical. Same grains,
having less than six sides in cross-section, shrink by the migration of their
boundaries toward the center of curvature during grain growth. In this
process, pores located inside a shrinking grain eventually meet a grain
boundary and rapidly disappear. After the 3-sided grain disappears in Fig.
24 B, there is a pore-free region in the vacinity of the resulting triple
point. Those pores which do not encounter a migrating grain boundary remain
relatively unchanged in size and number.

The ocbsexrvations on pore disappearance at grain boundaries also
imply that volume diffusion is not the primary mechanism by which such
pores lost hydrogen gas to the boundary. The ratio of the‘final to
initial heating times in this experiment is equal to about six, and the

results given by theoretical calculations(l?)

indicate that considerable
shrinkage of the pores inside grains should have occurred in this time

if the pores on boundaries had disappeared by volume diffusion. Since

this did not happen, and since all the cbservations indicate that the

rate of shrinkage of pores on boundaries was much faster, perhaps

by an order of magnitude or more, than the values calculated for equivalent
pores inside grains, one is led to conclude that same other mechanism
besides nommal volume diffusion mist have dominated the shrinkage of

such pares. A possible mechanism that would lead to rapid shrinkage

of closed pores on grain boundaries is that of direct passage of gas

into a grain boundary along its interseciton with the pore. Shrinkage

rate controlled by a grain-boundary diffusion mechanism has previocusly
been proposed to be operating during the initial and intermediate stages
o sinarine. (18,19,20)




B. ORANGE PEEL
Good optical quality, sintered specimens prepared fram umilled calcined
powder generally contain a considerable degree of "arange peel," which is
an optical waviness or distortion in the sample as detected by the unaided
eye. Orange peel can ilso be observed at low magnifications with the
optical microscope by using a pimoie source of transmitted licht (Fig. 25a).
It is evideiced qualitatively by a black and white "grainy" texture as
the specimen surface is viewed slightly out of focus. 8) The unaided
€ye canrot clearly detect an object at the opposite end of a polished
rod 3" in length while viewing through it because of orange peel. It
was discovered, however, that sintered rods made fram ball-milled powder
contained very little orange peel (see Fig. 25B), and the unaided eye
could resolve an object at a distance of a few miles through a 3-inch-long
rad.
The above observations indicated that orange peel may be related
to chemical inhomogeneities ('m4+/Y3+ ratio differences) formed in various
regions of the oxalate percipitate during powder preparation. 'This
reasoning is supported x the fact that orange peel is reduced by screening
or ball-milling the oxalate and/or the calcined powder before powder cam-
paction. Both processing steps have a tendency to reduce campositional
variations on a large scale in the starting powder and to pramote a faster
approach to chemical equilibrium by interdiffusional processes during
sintering at high temperatures. Further supporting evidence of chemical
segregation present in the starting powder was revealed by X-ray diffraction
analysis which showed that the calcined powder contains a trace of a Thoz-
rich phase.
If orange peel is caused by chemical segregation in the starting powder
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Figure 26 Substructure in sintered NDY
powder made by pouring Y-Th-Nd salt
Sinteringtrextment 8 hrs at 2000°C.
part H,O and 1 part HC1 (boiling).

ceramic prepared from oxalate
solution into an oxalic acid sclution,
Chemically-etched for 1 min, in 1

395X

Figure 27 Substructurs in sintered NDY
cined powder derived from the Standar
2170°C, fast-cooled to room temp
in boiling 1 part H,0 + 1 part HCI1.

ceramic prepared from milled cajl-
d oxalate method. Sinterad 38 hrs at
erature and chemically-etched for 1.5 min,

390X
42
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which does not completely hamogenize in specimens sintered at temperatures
95% of the melting point for extended times, then an X-ray diffraction
analysis of specimens containing different amounts of orarge peel might
reveal camposition variations within the solid solution matrix of NDY ceramics.
An experiment was carried out in which two NDY rods were fahricated from
the same powder batch having the camposition 89 mole % Y203, 10% 'I'hO2 and 1%
Nd203. These rods, one prepared from urnmillec calcined powder and the
other prepared from milled calcined powder, were sintered unde~ identical
conditions (38 hrs at 2170°C in dry H,) and cooled identically to roam
temperature. The sintered specimens were crushed‘ and ground identically
under alcohol with an agate mortar and pestle for 10 min. so that the powder
particles passed through a 325-mesh nylon screen. X-ray diffractometer
traces were obtained fram both powder samples using identical preparation
and operating conditions. Slow X-ray scans (1/4° 20/min.) were made of the
Y203 solid solution peaks which occur in the 20 region between 151° and
16C°. Far all six peaks (Cu.Km1 and QJKaz) found in this region, the full
width at half maximum intensity of each peak was approximately 20% large-
for the powder sample of the sintered rod initially prepared from umilled
powder than for the correspording diffraction peaks obtained from the
powder sample of the sintered rod initially prepared fram ball-milled powder.
In addition, the 20 positions of the corresponding diffraction peaks
obtained fram both powder specimens were virtually identical. These
findings strongly ind.cate that this X-ray line broadening is caused by
nonuniform strain associated with composition fluctuations in the cubic
solid solution matrix which gives rise to refractive index variations
causing the cptical phenomenon called<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>